M etastatic disease to the spine is common, accounting for 70% of bone metastases and affecting up to 10% of cancer patients. 7, 11 Spinal metastases can impact quality of life by inflicting neurological compromise and cancer-related pain. Sarcomas are a rare type of tumor that can metastasize to the spine and result in a challenging clinical scenario. Most sarcomas are considered to be insensitive to conventional doses of palliative radiotherapy, resulting in suboptimal control rates.
cal control rates > 85%, with minimal impact of histology. 1, 6, 10, 11, 15, 19 Across a mixture of cancer types, investigators have shown that 83% of patients with metastatic disease to the spine have multilevel involvement at the time of presentation. 5 However, because SBRT is a local therapy that targets only the involved lesion, patients are at significant risk of progression at other sites within the spinal axis, which can result in significant morbidity. An ongoing Phase II/III study by the Radiation Therapy Oncology Group, RTOG 0631, which is assessing SBRT for spinal metastases, recommends MRI of only the treated area to assess tumor response (http://www.rtog.org/ClinicalTrials/ProtocolTable/ StudyDetails.aspx?study=0631). There has not, however, been a comprehensive patterns-of-failure study of recurrence within the spinal axis. Such a report could provide support for the type or schedule of follow-up imaging that is optimal following SBRT for spinal metastasis. Herein, we present the first detailed analysis of patterns of spinal failure for patients with metastatic sarcoma to the spine treated with SBRT.
Methods

Study Details
This study was approved by the Memorial Sloan Kettering Cancer Center institutional review board. Consecutive patients with a histologically confirmed diagnosis of high-grade sarcoma metastatic to the spine, who were treated with SBRT at our institution between 2005 and 2012, were identified. Patients with pediatric sarcomas, chordomas, and primitive neuroectodermal/Ewing sarcoma were excluded. For all cases, pathology was centrally reviewed at Memorial Sloan-Kettering Cancer Center, as was all initial and follow-up imaging. This search yielded 88 patients with 120 spinal metastases treated with SBRT, 71% of whom were enrolled on prospective institutional protocols.
A multidisciplinary team including radiation oncologists, medical oncologists, neurosurgeons, orthopedic surgeons, and neuroradiologists advised the decision to proceed with SBRT. 2,14 criteria were applied for all patients presenting with metastatic sarcoma to the spine. Patients were managed with a multidisciplinary approach involving SBRT in conjunction with surgical management and/or interventional techniques including kyphoplasty, when deemed clinically appropriate.
radiation therapy
Stereotactic body radiotherapy techniques were performed as previously reported. 16, 19 Briefly, patients were immobilized using a noninvasive customized cradle. Simulation for treatment planning was performed with the use of CT images with 2-mm slice thickness. The spinal cord and/or cauda equina was contoured with the use of either a myelogram acquired the same day prior to CT simulation or a fused MR image. Planning contours were consistent with International Spine Radiosurgery Consortium consensus guidelines. 8 Only the involved vertebral level(s) was treated per the Spratt Six Segment recommendations. Dose constraints have been previously reported. 9 Seven to 11 coplanar fields (median 8 fields) were set to a single isocenter using dynamic multileaf collimation, with the dose prescribed and normalized to the 100% isodose line. Image-guided treatments were delivered with the assistance of onboard imaging, including orthogonal kilovoltage imaging and cone-beam CT for every patient. When dose to target volumes was limited by adjacent organs at risk that were appropriate for displacement, an organ displacement method was used in conjunction with interventional radiology, as previously described.
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Posttreatment Surveillance
Patients were seen 2 months after completion of SBRT and every 3 months thereafter. Follow-up included comprehensive physical and neurological examinations and MRI of the spine (CT imaging with or without myelography was used if a contraindication to MRI was present). Nursing follow-up was performed by telephone within 1 week of treatment, and electronic notes were reviewed. Results of any imaging that was performed outside of our institution were acquired and centrally reviewed. Very few of our patients (< 10% of the cohort) were followed up with regular PET imaging.
For patients who underwent total-spine MRI at our institution, imaging sequences of the spine were acquired with a 1.5-T GE scanner using an 8-channel cervicothoracolumbar surface coil. Acquired sequences included sagittal T1 (FOV 32-36 cm; slice thickness 3 mm; TR 400-650 msec; flip angle [FA] 90°), sagittal T2 (FOV 32-36 cm; slice thickness 3 mm; TR 3500-4000 msec; FA 90°), and sagittal short T1 inversion recovery (FOV 32-36 cm; slice thickness 3 mm; TR 3500-6000 msec; FA 90°). All scans were reviewed by the treating physician and a neuroradiologist.
End Point Definitions and Patterns of Failure Analysis
Burden of disease was scored according to whether the patient's metastatic disease involved only the treated lesion, was disseminated but limited to bone and spine, or if visceral/extraosseous metastases were present.
Outcomes assessed included local failure-free survival (LFFS), adjacent-segment failure-free survival (AFFS), distant-segment failure-free survival (DFFS), and overall survival (OS). The entire cohort (88 patients) was used to calculate OS (Fig. 1 ). LFFS calculations incorporated only patients who had posttreatment imaging of the index lesion (82 patients, 106 lesions), because 6 patients died prior to the first follow-up imaging. Patterns-of-failure analysis included only patients with total-spine MRI (n = 64 patients, 88 lesions). Patients with subtotal-spine imaging or CT imaging were excluded from the patterns-offailure analysis.
Overall survival was defined as the time to death from any cause. LFFS was defined as the time to local failure at the index site treated with SBRT, as determined by a radiographic increase in size of the treated lesion or progression of neurological symptoms that were referable to the treated lesion. AFFS was defined as the time to progression at the adjacent vertebral body, either superior or inferior to the index level. DFFS was defined as the time to any progression along the spinal axis other than local or adjacent failure.
At the time of failure within the spine, the total number of progressive or new lesions within the spine were recorded as well as the distance of each progressive or new lesion from the index treated lesion. These values were used to formulate a recurrence mapping of failures within the spine with respect to the treated vertebral level(s). For the purposes of this analysis, all sacral lesions were considered to be the same level.
For univariate and multivariate analyses, histology was dichotomized by chondrosarcoma and fibrosarcoma versus other histological type. Tumor location was dichotomized by lumbar versus all other locations. The SBRT dose was analyzed as biologically effective dose and was dichotomized to 216 versus < 216 (i.e., 2400 cGy in a single fraction vs other). The planning target volume was analyzed as a continuous variable.
Statistical analysis
All outcomes were measured from the date of completion of SBRT to the time of event. Patients were censored at the date of the last follow-up visit or death. Actuarial estimates were performed with Kaplan-Meier statistics. 12 R-squared statistics were used to assess correlation, and logistic regression modeling was performed for univariate and multivariate analyses. Statistical significance was defined as p value ≤ 0.05. Statistical analysis was performed with SPSS, version 22 (SPSS, Inc.).
results
Study cohort
The mean age of the cohort was 54 years (range 25-84 years) and the median Karnofsky Performance Scale score was 90 (range 50-90). Baseline characteristics are shown in Table 1 . The median prescribed dose was 2400 cGy (range 1800-3600 cGy) and 56.7% (n = 68) of lesions were treated with single-fraction SBRT. The remaining lesions were treated with hypofractionated SBRT (median 3 fractions, range 2-6). At the time of treatment, 71.7% (n = 86) of patients had disseminated disease with visceral metastases. The median follow-up time of the entire cohort was 14.4 months (range 0.6-88.9 months), with 81.7% of patients followed up until death. The 12-month actuarial rate of OS was 62.1%, with a median OS of 18.9 months ( Fig. 2A) .
Patterns of Failure
Patterns of failure at the time of first failure for patients who underwent follow-up with total-spine MRI are reported in Table 2 . Among patients who had progression anywhere in the spinal axis (n = 55, 62.5%), the majority failed distantly in the spine, with only 5.5% (n = 3) experiencing isolated local failure and 1.8% (n = 1) experiencing isolated adjacent-level failure.
The 12-month actuarial rate of LFFS was 85.9% (Fig.  2B) . The 12-month actuarial rate of freedom from any failure within the spine was 57.7% (Fig. 2C) . The 12-month actuarial rates of isolated LFFS (Fig. 3A) and isolated AFFS (Fig. 3B) were 98.0% and 97.8%, respectively. The 12-month actuarial rate of isolated DFFS (≥ 2 segments from treated index lesion) was 74.7% (Fig. 3C) .
At the time of last follow-up, 37.5% (n = 33) of cases had not had progression at any site in the spinal axis. Of the remaining 62.5% (n = 55), only 25.5% (n = 14) had progression at a single vertebral level, with 60.0% (n = 33) progressing at ≥ 3 sites within the spine simultaneously (range 0-21 sites, Supplementary Fig. 1 ).
There was a 7.3% crude rate of failure at the index lesion site, and rates of failure of 10.9%, 11.4%, 9.5%, and 6.8% for lesions 1, 2, 3, and 4 segments away, respectively. A total of 54.1% of failures occurred ≥ 5 segments away (Fig. 4) . Linear regression analysis revealed a high correlation between decreasing risk of failure and increasing distance from the treated index lesion (R 2 = 0.87). Univariate and multivariate logistic regression analyses were performed to identify factors that predict for distant spine recurrence (Supplementary Table 1 ). Univariate analysis identified histology (OR 5.4, 95% CI 1.1-25.6; p = 0.04), biological effective dose (OR 3.2, 95% CI 1.3-8.2; p = 0.01), and local failure (OR 20.6, 95% CI 2.6-162.4; p < 0.01) as predictors of distant spine failure. On univariate analysis, extent of disease and presence of epidural disease were not found to be predictors of distant failure. On multivariate analysis, a lower biological effective dose to the index lesion (OR 3.2, 95% CI 1.1-9.2; p = 0.03) and presence of local failure (OR 18.0, 95% CI 2.1-152.9; p < 0.01) independently predicted for higher rates of distant failure.
Discussion
Understanding the natural history of spread in patients with spine metastases and the patterns of failure post-SBRT is of critical importance to guide posttreatment surveillance and field design. However, to date, most analyses have investigated tumor and dosimetric variables that predict for local and marginal failure. 6, 10, 17, 19 To answer the challenging question of patterns of spinal failure, we specifically selected a unique cohort of patients with metastatic sarcoma, for multiple reasons. First, most SBRT spine series involve mixed populations of multiple cancer types. Our study was limited to only patients with high-grade sarcoma to help unify the results. Second, sarcomas were specifically chosen due to the limited efficacy in general of both systemic and targeted therapies for patients with advanced metastatic disease. This reduces the confounding effects of systemic therapies to meaningfully alter the natural history of metastatic spread. This unique cohort of patients has allowed us to provide the first detailed patterns-of-failure analysis, which accounts for the entirety of the spine after SBRT for a spinal metastasis. Additionally, it uses sarcoma, which we believe is an optimal tumor type for such an analysis.
Treatment of spinal metastases with conventional radiation techniques has involved treatment of 1 vertebral level above and 1 vertebral level below the involved segment to ensure adequate target coverage. With the use of 3D setup verification and the improved precision and dosimetric properties of SBRT, the treatment volume is limited to the involved segment(s) only. 8 This practice is supported by previous work, which has demonstrated failure rates of 0%-5% in the adjacent vertebral segment after SBRT. 10, 19 Our analysis revealed that the 12-month rate of isolated failure at an adjacent level was only 2.2%. Furthermore, of 17 progression events that we observed at adjacent levels, 16 occurred in conjunction with a distant failure, suggesting the de novo development of a separate metastatic lesion as opposed to a marginal treatment failure. These findings justify treatment of only the involved segment without inclusion of adjacent levels in the target volume.
A previous report from our group described clinical outcomes in this group of patients. Of note, patients who were managed with surgery in combination with SBRT showed similar outcomes to those who were treated nonsurgically. 10 Patients with surgical hardware at the time of SBRT also showed similar outcomes, with excellent rates of local control. Furthermore, among patients who did develop treatment failures and local progression, 45% were managed with repeat SBRT, whereas the remainder were treated with surgery, chemotherapy, or best support- ive care, depending on the clinical scenario. 10 Taken together, these data demonstrate that the local therapies for sarcoma spine metastases are effective, and there are multiple available modalities. This highlights the importance of identification of such lesions at an earlier stage and a clear understanding of the patterns of failure throughout the spinal axis.
Our study confirms that local control with spinal SBRT for sarcoma is excellent, thus bringing into question the accuracy of the frequently used term "radioresistant" to describe sarcomas. The 12-month local failure rate was only 13.9%, in keeping with previous reports from our institution and others. 1, 6, 10, 11, 15, 20 However, we found that the overwhelming majority of local failures occurred in conjunction with other progression within the spine (83%), and the 12-month isolated local failure rate was only 2%. This pattern of multifocal failures throughout the spine may reflect transformation of the disease to a more aggressive phenotype.
The ongoing RTOG 0631 Phase II/III study is assessing SBRT for spinal metastases and currently recommends MRI of only the treated area to assess tumor response (http://www.rtog.org/ClinicalTrials/ProtocolTable/ StudyDetails.aspx?study=0631). Our data suggest a close linear relationship between decreasing risk of failure and increasing distance from the treated index lesion (R 2 = 0.87). This may be an indicator of a possible common blood supply of involved vertebral levels within the same region of the spine. However, our data demonstrate that at the time of spinal progression, 60.0% of patients were found to have progression at ≥ 3 sites within the spine simultaneously. Furthermore, we found that 54.1% of failures occurred ≥ 5 segments away from the treated lesion. Our data indicate the importance of total-spine imaging rather than focused spine imaging at regular intervals because these patients are at high risk for failure at distant levels within the spine. Regular imaging is important because detection of spinal metastases at an early stage is critical for mitigation of potential morbidity due to neurological involvement, which can be devastating for patients. Furthermore, optimal dosimetry with SBRT can be achieved more readily when lesions are discovered at a stage when there is absent or mild epidural disease as opposed to after patients have developed high-grade cord compression.
It has been shown in other cancer types that metastatic lesions can be the nidus of further metastatic deposits. Our multivariate regression analysis demonstrated that improved local control was the most predictive factor for distant spine failure. Local eradication may prevent further dissemination within the spine by eliminating sites of disease that could serve as sources for further spread of spinal metastases. These data further highlight the importance of achieving tumor control, not just for alleviation and prevention of symptoms, but perhaps also for limiting further metastasis and preventing an increase in disease burden, although this is an area that warrants further investigation. Additionally, lower biologically effective dose to the index lesion was predictive of distant spine failure. Currently, the optimal treatment dose and fractionation are not known. To address this question, multiple randomized trials are ongoing (https://clinicaltrials.gov; NCT00922974 and NCT01223248).
Our study is limited by the retrospective methodology and associated biases. By only including metastases from sarcoma primary tumors, our patterns-of-failure analysis may be less generalizable to other histological types where systemic options play a larger role in the metastatic setting. Our patient population generally had advanced disease at the time of treatment, with 72% harboring visceral/ extraosseous metastases. Therefore, the failure rates that we observed may be less applicable to patients with a low burden of disease in the oligometastatic setting, although these are generally the minority of patients.
conclusions
Isolated local-and adjacent-segment failures are exceptionally rare for patients with metastatic sarcoma to the spine treated with SBRT, thereby affirming the treatment of the involved level only. Patients treated with SBRT for spinal metastases are at high risk of failure throughout the spinal axis. These data highlight the importance of close interval imaging with total-spine MRI. Due to the high rate of distant spine failure, patient selection is critical. Further work is necessary to better identify patients who would benefit long term from spine SBRT. Ongoing clinical trials aim to address this need.
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